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"When you measure what you are speaking about, and express it in numbers, you know something about it; but when you cannot measure it, ... your knowledge is of a meager and unsatisfactory kind."   Lord Kelvin.

Summary


The phylogenetic tree of life focuses on genes composed of DNA sequences, and has become central to our understanding of the history of life on the Earth. Despite this centrality, DNA is simply a sequence of four bases in a linear polymer, and becomes interesting only when it is incorporated into a living system of molecules that expresses a set of specific functional activities. From this perspective, genes and DNA are integral components of a system of structure-function relationships that can capture energy and nutrients to grow and reproduce. 

Given the chemical simplicity of DNA, how can life become increasingly complex over geological time? An alternative metaphor to a tree of life is that of a fractal, in which biocomplexity increases over time as specific functions are first added to individual organisms in the form of countless natural experiments, then linked to other functions and passed on between generations. Increments in biocomplexity that accompany biological evolution therefore occur through two linked processes: addition of structure-function components within the genotype-phenotype system, followed by connections that link one such component to one, a few, or many other components. Here we propose a quantitative description of biocomplexity that reflects this process of addition and connection. 

Introduction

What do we mean when we judge that one living system is more complex than another? In this chapter we will approach this question using principles of biophysics and molecular biology. 

We often use intuitive judgements in thinking about biological complexity. For instance, it seems reasonable to state that a bacterial cell is more complex than its growth medium, even though the cell and its growth medium are composed of exactly the same set of atoms. We can agree that  a living cell is more complex than a dead cell, and that a multicellular organism is more complex than a single celled organism composed of similar cells. We can also agree that a multicellular organism with a nervous system is more complex than an organism lacking one. These all seem like reasonable statements, but how can we establish even the simplest semi-quantitative description of what we mean by 'more complex than'?
To narrow the question further, we can experiment with quantitative terminology and test it against our intuition.  Is a bacterial cell twice as complex as its growth medium?  That seems much too little.  Ten times?  A hundred times? Still too little, but getting closer. At the other end of the complexity scale, is a bacterium infinitely more complex? This seems too much of a leap.  A bacterial cell is after all a finite structure, so the answer is somewhere between twice as complex and infinitely more complex, which narrows it down considerably. This exercise suggests that it is  not a hopeless task to consider biocomplexity in semi-quantitative terms.

Classifying complexity

To further clarify our task, it seems reasonable to consider evolutionary complexity, phylogenetic complexity and developmental complexity as three linked yet distinct aspects of biocomplexity. Comparisons among these aspects can help us define what we mean by complexity in each case, and perhaps guide our thinking about larger issues. 

Evolutionary complexity 

At the time of life's origin, biocomplexity was at some minimal value that increased dramatically when the first self-assembled unit of life appeared in the organic mixture of the prebiotic environment and began to grow. In fact, this event is perhaps the single greatest leap in a quantitative description of relative biocomplexity, in that all later life incorporated the fundamental ordering of macromolecules that first gave rise to life. It is also useful to note here that this approach to complexity focuses on the unit of life, rather than the global environment. It follows that a quantitative description of complexity will show an enormous jump with the appearance of a single living cell, even though one cell would be virtually invisible at the global level. 

It seems reasonable to think that biological complexity increased over time through evolution, and is now at the highest level of complexity because of the advent of consciousness and intelligence. An important point is that although we will discuss complexity here in terms of the most complex unit of life present at any given time, we must also recognize that any such unit is always part of a larger population, and that the population is inextricably bound in an ecological relationship with all other life. At some point we will need to include this aspect of complexity in a more general approach.  

Phylogenetic complexity 

Through the evolutionary process, the biosphere now contains a snapshot of evolution in which organisms range in complexity from the simplest bacteria to human beings. The groups of organisms can be understood in terms of a phylogenetic tree, and biocomplexity clearly increases as we travel up the tree from single celled prokaryotes to multicellular organisms. A bifurcation occurred when one group of organisms learned to capture light energy, first as photosynthetic cells called cyanobacteria, which then evolved into multicellular plants. These organisms then became a source of nutrients for a second group that evolved into motile organisms called animals. After achieving multicellularity and invading continental land masses, plants underwent relatively little further increments in complexity, while motile animals developed nervous systems that finally discovered the mechanism of consciousness and intelligent behavior. 

Developmental complexity 

At higher levels of complexity, multicellular organisms generally begin life as a single fertilized ovum. It seems reasonable to agree that complexity of an organism increases as a seed grows into a mature plant, or an embryo into an adult animal. The development from an embryo to an adult animal  helps us to capture what we mean by biocomplexity, since the process recapitulates the rise of evolutionary complexity that produced an adult organism with a nervous system and related behavior. 

Shapes of complexity curves over  time

We will begin with developmental complexity, because it is most easily understood and provides considerable insight into the complexity of biological systems. We will first consider what an equation of developmental complexity might look like when plotted as a graph. Imagine an empty plot with the X axis labeled time and the Y axis complexity. Two points are on the graph, one at low complexity at zero time and a second at higher complexity later in time when the developmental process has produced an adult organism. Our job is to connect the two points with a line that describes how complexity increases over that time interval. 

Here we must again use intuitive judgement as we work toward a quantitative description. Figure 1 illustrates the shape of a curve in which an arbitrary complexity scale is given on the Y axis. The scale clearly cannot be linear when we are dealing with growth from a single cell to millions or trillions of cells in an adult organism, thousands of genes and enzyme-catalyzed metabolic functions, and enormous numbers of receptor-mediated nervous functions. A logarithmic scale is therefore used in order to encompass large numbers of yet to be defined units. The X axis is labeled time, again with undefined untis, but if the units happened to be days we could think of this as a short-lived insect such as a fruit fly.
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Figure 1. Graph of developmental complexity of an individual organism.

The rising portion of the curve is fairly obvious, taking into account increments in complexity that must occur upon fertilization, embryogenesis, development, birth (hatching from a pupa in the case of an insect such as a fruitfly) and death. There are several interesting features of what happens upon death that help to clarify what we mean by complexity. For instance, the moment of death occurs when a metabolic function such as energy transduction ceases in an essential tissue like the heart or nervous system. The immediate result is an irreversible disarray of metabolic pathways within those cells, followed by a near-total loss of nervous functions that require energy. (Similar effects occur during hypoxia, cooling or anesthesia, but are reversible.) It follows that death defines the boundary between functional complexity and structural complexity, since a dead organism seconds after death is structurally identical to the same live organism. Over the next few units of time, structural complexity also begins to decrease as supramolecular function and order are lost, followed by loss of macromolecular order through denaturation.  The final steps include hydrolysis of biological polymers to monomers and dispersal of monomers and other degradation products back into the environment. 

Using some of these principles, we can next think about evolutionary complexity, which again can be considered in terms of a set of steps that each lead to an increment in complexity. A graphical illustration of the points to follow is shown in Figure 2. Arbitrary numerical values are used for the log scale of complexity, but these are simply illustrative of the approach to be used.
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1. At the far right of Figure 2, a sterile planetary surface such as the early Earth becomes more complex with the addition of organic compounds from endogenous or exogenous sources.

2. The solution of organic solutes becomes more complex over time as organic molecules self-assemble into molecular systems. Examples include the chemical synthesis of random polymers from suitable monomers such as amino acids, and the assembly of membranous vesicles from amphiphilic molecules.

3. The self-assembled structures become enormously more complex at the origin of life when one or more of the self-assembled structures happens to have properties that allow it to use energy to accumulate simpler molecules from the environment and assemble them into reproductions of the original structure. Complexity arises from the increasing number of macromolecular structures that are organized within the unit of life, from the increasing number of different catalyzed metabolic pathways incorporated into the unit of life, and from the increasing ability of macromolecules to transmit information from one kind of molecule to another, examples being the genetic code, replication, transcription and translation.

3. After life begins, prokaryotic cellular life fills niches and evolves ever more efficient mechanisms to capture energy and nutrients. This process also represents speciation, and complexity increases with the number of bacterial species competing for the niches. However, at some point the microbial populations reach the carrying capacity of the environment, and complexity stabilizes for a period of approximately 2.5 billion years. 

4. The microbial population become more complex when two or more different organisms merge to produce the first eukaryotic single celled organisms. 

5. The eukaryotic cells become more complex when two or more discover enhanced evolutionary fitness by attaching one to the next to produce the first multicellular organisms. The multicellular organisms become more complex as the cells differentiate into specialized tissues, and particularly when cell-cell communication begins through junctional complexes between cells.

6. At some point complexity must also increase with the discovery of sexual reproduction, in which genetic information is transferred between cells that increasingly become differentiated into the equivalent of male and female. (This is not shown on the plot.)

7. Further complexity develops when an endocrine system allows one group of cells to influence another group of cells by releasing chemical messenger s that bind to cell surface receptors and activate a response. (Not shown)

8. Complexity increases substantially when a nervous sytem evolves.  This allows one cell to affect not just one or a few neighboring cells but large numbers of other cells at a distance through axons that efficiently transmit a kind of digitized information. This is in contrast to endocrine information transfer which does not have digital characteristics.

9. Complexity increases as the size and variety of multicellular organisms grows through evolution following the cambrian explosion.

10. Complexity increases when thermoregulation allows one variety of organism to maintain body temperature within a favorable homeostatic range. (Not shown).

11. Complexity increases when organisms begin to interact through signals that are neither hormonal or nervous, but instead behavioral mediated by sensory receptors of the nervous system.

12. The most recent increment in biological complexity corresponds to the appearance of the conscious state and intelligence in one group of mammals.  

We also note that complexity decreases in a population of organisms that becomes parasitic or lives in the absence of a selective factor such as light, for instance in troglodytic cave populations that lose eyes and pigment. We might be able to learn something about the mechanism by which complexity increases over evolutionary time from such examples, in which there is an obvious loss of complexity when a selective factor is relaxed. In the case of cave organisms, the selective factor is light.

The last point to be made is that the populations of organisms resulting from each increment in complexity can survive in the biosphere, and the horizontal lines on the graph show a series of such organisms from bacteria to eukaryotic protists to multicellular organisms to plants and animals. The point at which each line intersects 0 (the present time) corresponds to the complexity level of the phylogenetic tree. It follows that if we can define evolutionary complexity, we automatically define phylogenetic complexity.

What is a useful quantitative approach to biological complexity?

In attempting to define biological complexity quantitatively, lumping together all of the characteristics of the organism inevitably leads to confusion.  Instead we should first attempt to understand complexity by using at least three general features of a living organism: 

Structure.  

I will use the concept of structural units here, a unit being the simplest bounded structure involved in a given level of complexity. Structural complexity has to do with units such as macromolecules and their organization into molecular systems, cells and organized cellular systems, whole organisms and organized populations. Structural complexity can be characterized by the total number of units, kinds of units, concentration of units in space, and organization of units.

Functions related to energy flux.  

Functional complexity always includes motion of some sort, in which matter moves through space, while structural complexity can be static. At the subcellular level functional complexity involves metabolic pathways, energy transduction and biosynthesis. At the cellular level it concerns the function of cells, tissues and organs, such as exocytosis, hormonal secretion and heart beat. At the whole organism level it has to do with the mechanisms by which the organism captures nutrients and energy from the environment, avoids predators, reproduces and so on. In the case of motile organisms such as animals, this includes the mechanics of motion.

Functions related to information transfer through space. 

Informational complexity has to do with units interacting with one another in such a way that information is passed from one unit to the next.  In a sense, this is a subset of functional complexity, but is characterized by information transfer rather than energy transduction and metabolism. At the subcellular level it includes regulatory functions, intracellular chemical signals, and the use of genetic information to direct replication and protein synthesis.  At the cellular level it includes sensory receptors that respond to chemical and physical signals in the environment. At the multicellular level it includes cell-cell communiction through junctional complexes, and finally the function of a nervous system in which single specialized cells (neurons) can communicate over long distances with multiple other cells.  Examples include a motor neuron in the CNS controlling hundreds of muscle fibers, or a pyramidal cell in the cerebral cortex interacting with thousands of other cortical cells through synaptic junctions.

A mathematical description of biocomplexity.


It is clear that a quantitative description of biocomplexity will be problematic, due to the number of parameters that must be considered and their interactions.  For this reason we choose first to attempt a mathematical model of a single cell type – neurons – and consider only their structural complexity:  numbers of cells and connectedness. After learning how to approach a single system using a single parameter, we can go on to more complex multi-parameter interacting systems.

The nervous system is useful because cell numbers have been estimated, as well as the number of structural connections between nerve cells of the central nervous system. One of the few scientists to have given serious thought to this question is W Grey Walter. In his classic book, The Living Brain, he asks "whether the elaboration of cerebral functions may possibly derive not so much from the number of units in the brain, as from the "richness of their interconnection." 

He then considers how many ways of behavior are possible with just two cells, A and B. Without assigning particular functions, he suggests that there are seven basic modes represented by

0,  A,  B,  A+B,  (A ( B),  (B ( A),   (A ( B)

meaning: inactive, A active, B active, A and B active independently, A driving B, B driving A, A and B driving each other.

From this, he calculates that, with 6 units, there would be a new experience every tenth of a second throughout a long lifetime. With n units, the number of possible modes is given approximately by 

                                        M = 2n2 - n                (2 to the (n squared - n))

Considering then 1,000 interconnected neurons, he arrives at a number of possible combinations so big that, when written out in full, would fill 100 pages of his book. Such an analysis he found encouraging in that, in order to achieve a great variety of ways of running a system of modules, and thus simulating aspects of animal behaviour, one only needed a few connected units, and a few modes of operation for each.

If we just confine our analysis to the nervous system, a simpler way to consider this problem is to allow just two states to each neuron, and which can be thought of as 0 and 1. This has a definite physical basis, in that, according to orthodox understanding, neurons either send an electrical pulse to other cells, or they do not. A certain minimum voltage threshold must be achieved before a nerve cell becomes active, and affects other cells. Given n associated cells, the number of possible binary states at any given point of time is given by 

M = 2n 

Now these states last for just a few milliseconds. So if we consider the different possible sequences of action over, say, 1 second, then we would need to multiply this figure by about 100. For 10 neurons over 1 minute, this would give about 6 million possible sequences of operations. More generally, and allowing for unlimited time, the number of possible sequences, S, of M modes of behaviour is given by factorial M. Thus

S = M! = M(M-1)(M-2) ……….1.

This leads to truly astronomical numbers, and which are not helpful in studying relative complexity. Better to limit the analysis to available modes rather than near-infinite sequences.

Modern studies have shown that nerve action is in fact more flexible than the binary logic of modern computers. The dendrites of brain cells have complex connections with many other cells, and changes of frequency can alter completely the action of a neuron in the sense of inhibiting or activating the target cell.  If we postulated z modes of behaviour for each cell, then

M = zn

On this basis, and using a logarithmic scale, we could define the complexity of action, C, of any group of associated neurons as

C = log(M) = n. log(z)

Although there are trillions of nerves in the human body, the n here refers to the number of interconnected neurons for performing any particular operation, and this will be only a small fraction of the total for any given action. For moving a finger, for instance, let us assume only a 100 basic neurons, from brain to spinal nerve to finger, are used. Using a binary basis (2 modes for each cell), then the possible modes are given by

M = 2100

which is about 1030. This gives a logarithmic complexity C of 30. For a pianist using 10 fingers continuously, then C =31. These numbers are consistent with practical experience, in that the ways of using fingers to create keyboard music are, to all intents and purposes, infinite.

For some indication of an overall estimate of modes of the nervous system, we require an expression of the form 

M = p . zn

where p represents the number of separate units operating in the system. In the human, the 31 spinal nerves, 12 cranial nerves,  and the autonomic chains on either side of the spine form the main units. These bundles of nerve fibres, each containing millions of nerve cells, are relatively independent from each other, and serve particular organs and muscles. If we ignore the brain, then p is of the order of 100 for the human. However, division of activity within the cortex is much more complex, and we know that aspects of brain functioning can be reformed in other areas after injury.  However, evaluating C, we get

C = log(M) = log(p) + n. log(z)

and this means that n, the number of neurons in an associated bundle, remains fundamental, whatever the complexities of the subsystems in the brain.

This perhaps gives us some clue for comparisons of complexity between vertebrates, and particularly between the higher primates and man. For the basic functions of body, and for physical movement of muscles, both external and internal, there would seem to be no great differences between the higher vertebrates. Some primates have greater physical agility than humans, and some have less, but all are of a comparable order. But in the use of the fingers and the voice, for instance, the vastly greater control complexity of parts of the cerebral system of humans becomes obvious. This is independent of rational thought - people with comparatively low ability can instinctively use their fingers and voices in remarkable ways, and unlike anything to be found in the animal world. It is in the interconnections of the brain that there are significant differences.

It has been assumed for a long time that genetic constitution defines to a large extent the range of complexity of animal life. But now that we have decoded the genome of the humans and a few other vertebrates, and can determine the length of the genome in all living systems,  this would seem to be far from the truth. The human genome consists of  3 billion bases of DNA, and so does one variety of the lily. Another variety of the lily has 100,000 bases. As this didn't seem to make much sense, biochemists and geneticists assumed that complexity was related to those parts of the genome that produced a protein - the gene sequences. But the 30,000 genes of man and the higher primates are roughly the same. Even the humble mouse has almost exactly the same genes as ourselves. However, if we go back to insects with a few genes, the genetic factor seems to have some relevance. But in the overall evolutionary picture, neither the length of the genome, nor the number of genes, are much of a guide to the final complexity of the structure and function of any organism.

As for the total number of cells, from flees and birds to whales and elephants, we can say that, from a purely structural aspect, the larger creatures are more complex. But from a functional viewpoint - the ability to carry out difficult and unusual tasks - it is often the smaller creatures that are the more adaptable. A recent example is the crow that solved a food retrieval problem by bending a wire into a hook (ref)  No whale or dolphin has yet solved even this simple a task.

In terms of the number of brain cells of humans, there would appear to be little correlation between the size of brain and mental ability. Some distinguished thinkers have been found to have a brain size well below average; and we now know that large parts of the brain are devoted just to physical control and balance. Mechanisms of memory and conceptual thought remain largely unknown in terms of cell function. The most that we can surmise, in the light of all the modern knowledge, is that through learning and experience and willpower, we have some innate ability to affect the interconnections of the cerebral neurons. As we have seen above, changing slightly the number of associated cells, or the modes of operation, can significantly increase the potentiality of any group of neurons. 

Lower-level factors of energy and cell structure can be brought into our formula. providing we can define a meaningful mode or option parameters to each. If a, b, c 

are three such parameters, then

M = a x b x c x (p .zn)

Thus on this basis, 

C = log(a) + log(b) + log(c) + log(p)  +  n. log(z)

However, this is not really a practical formula. Comparative information about different nervous systems is sparse, and the data has not been collected in a way suitable for such a formula. Generally, all we have is some information on the total number of neurons, and perhaps some estimate of the interconnections. We can adapt the formula in the following way.

Suppose we have an estimate N for the total number of neurons, and also an estimate for the number of interconnections for each nerve. The latter gives us a value for z, the number of modes of operation for each neuron. If p is the number of subsystems - which is unknown - then the average number of neurons in each subsystem, n, is given by

n = N / p

Thus

C = log(p)  +  N. log(z) / p

Now p varies between 1 and N. This means that, at the extremes, there is either one large interconnected system or N independent neurons. To get a sensible average value between these two extremes, we can integrate C for values of p between 1 and N (the area under the curve), and divide by N. Now the integral of C with respect to p is 

p.log(p) - p  +  N.log(z).log(p)

and from this we obtain an average value of C, given approximately by

C = log(N) {1 + log(z)}

Putting in real numbers for C. elegans, where N = 302 and z = 10 then

C = log(302) {1 + log(10)} = 5.96

For N = 302 and z = 100, then

C = log(302) {1 + log(100)} = 7.44

For a human cortex with N = 10 billion, and z = 1,000 then

C = log(10,000,000,000) {1 + log(1000)} = 40

Remember this is a logarithmic scale, and an increment of 1 on this scale means a ten-fold increment of actual complexity. Also the difference between logarithmic complexities of 30 and 40 is absolutely massive.

Organism
Cell number
Nerve cells
Synapses/cell
Total connections

Hydra

C. elegans

1060

302

10

3 X 10^3

Planaria

Aplysia

Leech

Earthworm

Cockroach

Bee



10^6

100


10^8

Crayfish

Salamander


10^6

1000


10^8

Zebra fish

Frog



5 X 10^6
1000


5 X 10^8

Mouse 


2 X 10^8
1000


2 X 10^11

Rat



10^9

1000


10^12

Pigeon



10^9

1000


10^12

Macaque


10^10

Dolphin


3 X 10^9
10^4


3 X 10^13

Chimpanzee


3 X 10^10
10^4


3 X 10^14

Human.
10^14

10^11

10^4


10^15

	
	Species
	N
	z
	Complexity

	1
	C. Elegans
	302
	10
	5.0

	2
	Bee
	1E6
	100
	18.0

	3
	Salamander
	1E6
	1,000
	24.0

	4
	Frog
	5E6
	1,000
	26.8

	5
	Mouse
	2E8
	10,000
	41.5

	6
	Pigeon
	1E9
	10,000
	45.0

	7
	Cat
	5E9
	10,000
	48.5

	8
	Monkey
	1E10
	10,000
	50.0

	9
	Chimpanzee
	3E10
	10,000
	52.4

	10
	Human
	1E11
	10,000
	55.0


(Estimates of nerve cell numbers kindly provided by Gerhard Roth.)

[image: image1.emf]0 1 2 3 4 5 6 7 8 9 10 11



0

10

20

30

40

50

60



0 1 2 3 4 5 6 7 8 9 10 11



0

10

20

30

40

50

60



Biological Complexity


Complexity  =  log(N) * [1 + log(z)]

where N = total number of neurons

           z = average number of interconnections for each neuron

Axioms of complexity

After considering the three forms of complexity described above, a set of basic principles emerge which are in a sense axioms.  They will be summarized here and will be used to guide our attempt to attach numerical values to the parameters of complexity:

1. A vacuum has a complexity of zero.

2. Pure liquid water has the lowest complexity value related to biology, and is the matrix within which biological complexity occurs.

3. A single solute such as NaCl dissolved in water minimally increases the complexity

4. A mixture of solutes is minimally more complex than a single solute.

5. Complexity increases significantly if soluble components of an aqueous solution self-assemble into aggregate structures such as micelles or hydrogen bonded polymers. Self-assembly is a function of concentration of the solute, and typically there is a critical concentration at which the aggregated structures begin to appear. However, such structures are still at equilibrium with the environment.

6. Complexity increases with a flux of free energy through a bounded system of aggregates  if some of the energy interacts with components of the system to drive the system away from equilibrium. This is a fundamental minimal requirement for the origin of life.

7. Complexity can be defined in terms of structure, energy transduction and information transfer between interacting units related to the living state. The units can be macromolecules within a cell, the cell itself, or an organism composed of cells.

8. Complexity is a function of the following features of biological units:

a. Concentration of units in a given area or volume

b. Kinds of interacting units

c. Ordering of interacting units in space. Ordering can occur through self-assembly, a low energy process that moves toward equilibrium. Ordering can also occur through an energy-dependent process that maintains order away from equilibrium.

d. Energy flow through system.

e. Interaction between units and between units and their environment. Changes resulting from such interactions can lead to more complex systems in the presence of free energy flux and a selective process that preserves the change.

Numerical parameters of complexity

We can now consider how complexity C can be described by possible quantitative relationships among these parameters. First, we should convince ourselves that this is not an impossible task. We can begin by considering the number and kind of interacting structural/functional units in a living cell. Table 1 shows the actual count of subcellular units in an E. coli cell. 

Table 1. Number of molecules per E. coli cell

Proteins 



2.36 million

Kinds of proteins


1050

RNA as ribosomes


18,700

rRNA



18,700

tRNA



205,000

mRNA



1380

DNA




2.13 molecules (bacterial genome + plasmids)

Lipid




22 million

Lipopolysaccharide


1.2 million

Peptidoglycan



1

Glycogen



4360


It is clear from this table that we really are able to count the units that contribute to complexity in a live cell. We can count the units in multicellular organisms by extrapolation, although we will at some point be dealing with possible errors in the order of magnitude range. Nonetheless, such errors will be tolerable when we display the results on log scales of Figure 1 and 2, where the changes in complexity are often many orders of magnitude. 


We can begin this task by assigning abbreviations to the features of units that give rise to complexity:

1. Total number of units: N, which describes the number of molecules in a living cell, the number of cells in an organism, or the number of organisms in a population.

2. Number of unit types: N1, N2, N3....Nn

2a. Concentration of units - molecules, cells, organisms: N per unit volume.

3. Energy flux through a unit: E

3a. Total number of metabolic and biosynthetic functions within a cell type: M, approximately equal to the number of genes G

3b. Number of different metabolic pathways: M1, M2, M3....Mn

3c. Number R and different regulatory mechanisms that govern metabolism and biosynthesis: R1, R2, R3...Rn.

3d. Normalized fraction Fm of metabolic capacity being used at any given time. This varies from 1 in a fully active organism, to 0 in the same organism that is dead. 

4. Influx of sensory information related  to environmental factors, the capacity of which is measured as cell membrane receptors: S, which are composed of different receptors S1, S2, S3....Sn.

5. Reflexive activity in response to sensory information: A

6. Rate of sensory and reflexive response: dr/dt.  This will vary between cells types, ranging from a few per second in a plant cell to thousands per second in a neuron.

7. Normalized fraction Fn of nervous capacity being used at any given time. This varies from 1 in a fully active organism, to 0 in the same organism that is dead. 

8. Connectedness X, which varies from 1 in communication between two neighboring cells through a gap junction, to much larger numbers in the nervous system in which a single CNS neuron can send signals to the dendrites of thousands of other cells, or to hundreds of muscle fibers if it is a motor neuron. X should be considered as a parameter of structural complexity, but is included here since it a structure that supports information transfer.

What mathematical relationship incorporating the above parameters of biocomplexity can satisfy the qualitative expectations shown in Figures 1 and 2? We can begin by assuming that complexity increases by simple addition of the parameters defining biological structure and function, much as they are added over evolutionary time. In order to give a reasonable weight to each of the terms, we will use a set of constants a, b, c... (fitting factors) and power functions for each of the terms. Here is one possible equation that incorporates several of the primary terms defined above:

C = aNn + bGg + Fm(cEe) + Fn(dSs) + eXx
This simply states that complexity increases as a function of the number and concentration of interacting structural units, the number of genes in a unit, energy flux through the units, the number of receptors on a unit, and the connectedness between units. We have not attempted to include regulatory functions, or sensory capacity and rate of sensory response. However, Fm and Fn describe the normalized fraction of metabolism and nervous activity at any given time. They have a value of 1 in a fully active living organism, but approach 0 shortly after death of an organism, so that the remaining complexity is structural in nature.

Now we can try plugging in some real numbers.  Table 2 shows estimates for N, G, S and X for a prokaryotic cell (E. coli), a eukaryotic cell (Paramecium), a simple multicellular organism (C. elegans) and a human being (H. sapiens). G, S and X are given on the basis of a number per cell, not per organism.

	Organism
	N
	G
	S
	X

	 coli
	1
	1,050
	10 E3
	0

	paramecium
	1
	5,000
	10 E4
	0

	elegans
	700
	10,000
	10 E4
	10

	sapiens
	10 E14
	~30,000
	10 E5
	10 E4



The first thing that becomes apparent is that cell number N dominates C in the equation if we set all the constants and exponents to 1. We know that can’t be true, because if we compare 10 E14 E. coli cells to 10 E14 human cells the human being is obviously more complex in some fundamental way. The difference can’t be E, or energy flux per cell, since a bacterial cell and a human cell only differ in this regard by an order of magnitude or so. It can’t be the number of genes, G, or the number of sensory receptors per cell S, which also differ only by 1 - 2 orders of magnitude. This leaves connectedness, as a major factor in defining complexity. 
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